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1 INTRODUCTION
Low and high air temperatures are known as most
important factors influencing plant performance and
distribution. In a changing world with increasing envi
ronmental temperatures that can alter distribution of
existing invasive species [1], the knowledge of the
effects of low and high temperatures on weeds can be
used to predict their behavior and as a tool allowing us
to identify sensible habitats to invasions.
Optimum temperatures for photosynthesis exhib
ited by a plant species reflect the environmental tem
perature range, to which the species has genetically
and physiologically been adapted [2]. When plants are
exposed to temperatures above or below their opti
mum physiological range, their photosynthetic per
formance becomes affected [3]. Thus, extreme tem
peratures can inhibit photosynthesis in many different
ways, such as decreasing the efficiency of photosystem
II (PSII), limiting enzymatic rates of the Calvin cycle,
1 This text was submitted by the authors in English.
altering photorespiration, or changing the structure of
thylakoids [4, 5]. 
Extreme temperature effects on photosynthesis can
occur in darkness, for example, during cold nights [6],
and they are aggravated when plants are exposed to
high levels of irradiance [7]. In this context, interspe
cific difference in temperature tolerance can be
recorded.
Lantana camara L. (Verbenaceae) has been classi
fied between the most invasive species around the
world, in tropical and subtropical regions worldwide
between 35° N and 35° S [8]. It has been described
that in the field L. camara grows actively at tempera
tures above +15°C [9], being susceptible to frosts and
low temperatures; so it seldom occurs in places where
temperatures frequently fall below +5°C [10], where
its branches and leaves die and its growth ceases [11].
Nevertheless, no study is available about the specific
effects of temperature on L. camara photosynthetic
apparatus.
The aims of this work were to analyze the effects of
low and high temperatures on the photosynthetic per
formance of L. camara leaves in darkness to identify
the lowest and the highest temperature limits, at which
its leaves are able to resist during nighttime and to
know if two populations of L. camara coming from
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contrasted latitudes show different response to tem
perature. With these aims, we evaluated in a common
garden experiment the photosynthetic performance
and the recovery capacity after high and low tempera
ture treatments for L. camara plants coming from the
Galápagos Archipelago and from the Southwest of
Iberian Peninsula. We hypothesized: (1) the photo
synthetic apparatus of L. camara would be sensible to
temperature lower than +5°C, and (2) L. camara from
the Iberian Peninsula would have a higher tolerance to
extreme temperatures than the population from the
Galápagos Islands since Iberian populations are
exposed to more extreme temperatures during sum
mer and winter than the Galápagos populations.
MATERIALS AND METHODS
Plant material. Two wild Lantana camara L. popu
lations were studied, one from the center of the
L. camara latitudinal geographic distribution at the
Galápagos Archipelago (from the Transition Zone
(ca. 120 m above sea level) in Santa Cruz Island, 0°42′ S;
90°19′ W) and another from the northern extreme of
its geographic distribution at Southwest of Iberian
Peninsula (Asperillo Sea Cliff, Huelva, 37°06′ N;
6°46′ W). At both locations, L. camara was originally
coming from gardens, arriving in 1938 for first time in
the Galápagos [12] and probably during the seventies
or eighties after the construction of Parador de Maza
gón in 1968 on the Asperillo Sea Cliff.
Two distinct seasons can be differentiated over the
year in the Galápagos Islands: during the warmwet
season (January to June) mean daily air temperature is
between +25 and +26°C and during the cooldry sea
son (July to December) temperature is between +18
and +26°C [13]. The Southwest of Iberian Peninsula
is under Mediterranean climate modified by oceanic
influence with wet winters (January mean temperature
is of +11°C with minimum of ca. 0°C; frost does not
occur in most years) and warm and sunny summers
(August mean temperature is of +25°C; rarely maxi
mum temperatures exceeds +40°C) [14]. 
Seeds were collected from 10 plants chosen ran
domly in each population. 10 plants of each popula
tion were cultivated in plastic pots in peat soil at the
openair area of the greenhouse facilities of the Uni
versity of Seville during 4 months.
Controlledtemperature experiment. The youngest
fully expanded leaf was used to avoid possible effects
related to ontogenetic leaf development since it might
affect the temperature sensitivity. Leaves collection
(n = 5 leaves per treatment and population chosen
randomly from different individuals) for lowtemper
ature experiment was carried out at sunrise on the
21st February 2011 and for high temperature experi
ment on the 22nd June 2011, so the plants were accli
mated to winter and summer conditions, respectively. 
Average daily temperature during the month previ
ous to collection in winter was +11.4 ± 0.5°C, with a
maximum momentary temperature of +24.9°C and a
minimum of +0.9°C, while in summer it was +26.0 ±
0.6°C, with +40.4°C (max) and +12.9°C (min)
(www.meteored.com). After collection leaves were
immediately stored in a saturated humidity atmo
sphere at +20°C during 3 h. 
Leaves were placed individually in sealed plastic
bags and immersed in a programmable water bath
(Neslab RTE200, NESLAB Instr., United States) for
30 min in darkness [15]. Ethylene glycol 30% (v/v) was
used to avoid ice crystal formation in the water bath.
Every leaf was immersed at the same time in the water
bath at +20.0°C. 
During the lowtemperature experiment, tempera
ture was decreasing gradually from +20.0 to 0°C with
steps of 5.0°C and from 0.0 to –7.5°C with steps of
2.5°C. The exposure to low temperatures in darkness
would correspond with the conditions experienced by
leaves during nocturnal chilling episodes, such as
those recorded at L. camara northern and southern
extremes of its geographical distribution range and at
high altitudes all across its geographical distribution.
During the hightemperature experiment, tempera
ture was increasing gradually from +20.0 to +40.0°C
with steps of 5.0°C and from +40.0 to +50.0°C with
steps of 2.5°C. The exposure to high temperature in
darkness would correspond with the conditions expe
rienced by L. camara leaves during some summer
nights at the Southwest Iberian Peninsula
(ca. +30°C). After 30 min in each thermal treatment,
chlorophyll a fluorescence was recorded in a dark
room to not disrupt the darkadapted state of leaves. 
To assess the recovery capacity of the photosyn
thetic apparatus, leaves were kept in saturated humid
ity, +20°C and exposed to ca. 40 μmol/(m2 s) during
24 h [15]; these conditions of lowlight intensity favor
the substitution of damaged proteins of the PSII. A
period of milder temperatures is required to return to
rates of photosynthesis as those prior to the extreme
temperature event [6]. After the recovery period,
necrosis percentage was measured as the proportion of
the total leaf area. Chlorophyll a fluorescence fast
dynamic and net photosynthesis rate were also
recorded.
Chlorophyll fluorescence. Chlorophyll a fluores
cence measurements were carried out in darkadapted
leaves (at least during 30 min) using a FMS2 portable
modulated fluorimeter (Hansatech Instr., United
Kingdom) on the adaxial leaves surface. The minimal
fluorescence level in the darkadapted state (F0) was
measured by using a modulate pulse (PPFD <
0.05 μmol/(m2 s) for 1.8 μs) too small to induce signifi
cant physiological changes in the plant [16]. The data
stored were averages taken over a 1.6s period. Maximal
fluorescence in this state (Fm) was measured after apply
ing a saturating actinic light pulse of 15000 μmol/(m2 s)
for 0.7 s [17]. The value of Fm was recorded as the
highest average of two consecutive points. Values of the
variable fluorescence (Fv = Fm − F0) and the maximum
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quantum efficiency of PSII photochemistry (Fv/Fm)
were calculated.
Net photosynthesis. Net photosynthesis rate (PN)
was measured as O2 evolution using an LD2 Hansatech
leaf chamber with a gas phase O2 electrode at 25°C
(n = 3–5 leaves per treatment and two measurements
in each leaf). A buffer of 1 M carbonate/bicarbonate
(pH 9.0) was used to provide a CO2 saturated atmo
sphere. Saturating irradiance was provided by an LS2
Hansatech source. Photosynthetic photon flux density
(PPFD) was measured using an integrating quantum
sensor cell (LiCor, 190 SB).
Statistical analysis. All statistical tests were carried
out using the SPSS v. 18 (Statistic Inc.). Data were
tested for normality with the Kolmogorov–Smirnov
test and for homogeneity of variance with the Levene
test. Mean physiological data for the same population
at different temperatures were compared using one
way analysis of variance (ANOVA, Ftest) followed by
Tukey’s Honest Significant Difference (HSD). When
normality or homogeneity of variance was not
reached, data were analyzed using KruskalWallis
non–parametric analysis of variance, followed by the
Mann–Whitney Utest to compare means between
two treatments. Interpopulation differences at the
same temperature were compared using Student ttest
for independent samples. Deviation was calculated as
standard error of mean (SE).
RESULTS
Chlorophyll Fluorescence Just after Thermal Treatments
Fv/Fm for both populations decreased logarithmi
cally at low temperatures and sigmoidal at high tem
peratures (Figs. 1a, 1b). 
At low temperatures, Fv/Fm for the Iberian popula
tion was similar from +20.0 to –2.5°C (ca. 0.770),
decreasing significantly at –5.0 and −7.5°C (ca. 0.680)
(KruskalWallis, P < 0.01; MannWhitney Utest, P <
0.05). For the Galápagos population, Fv/Fm was simi
lar from +20.0 to +10.0°C (ca. 0.790), decreasing sig
nificantly at –2.5, –5 (ca. 0.710), and –7.5°C (0.550)
(KruskalWallis, P < 0.01; MannWhitney Utest, P <
0.05). These decreases in Fv/Fm for both populations
were due to a logarithmic drop of Fm and constant lev
els of F0. Fv/Fm was lower for the Galápagos population
than for Mazagón at −7.5°C (ttest, P < 0.05) (Fig. 1a).
At high temperatures, Fv/Fm for the Iberian popu
lation was constant from +20.0 to +35.0°C (ca.
0.870), decreasing significantly from +40.0 (0.830) to
+50.0°C (0.060) (KruskalWallis, P < 0.001; Mann
Whitney Utest, P < 0.01). Fv/Fm for the Galápagos
population was also ca. 0.870 from +20.0 to +25.0°C,
decreasing significantly from +30.0°C (0.860)
onwards and strongly from +42.5 (0.750) to +50.0°C
(0.060) (KruskalWallis, P < 0.001; MannWhitney
Utest, P < 0.01). These drops in Fv/Fm were due to
decreasing Fm together with increasing F0. Fv/Fm was
similar for both populations in every treatment (ttest,
P > 0.05) (Fig. 1b).
Chlorophyll Fluorescence after the Recovery Period
After the recovery period after low temperatures,
both populations showed an exponential drop of Fv/Fm
below –2.5°C (Fig. 2a,b). Leaves showed a great
recovery capacity from +20.0°C to –2.5°C for both
populations, with high and similar Fv/Fm (ca. 0.770).
Recovery capacity was slightly lower after –5.0°C
(ca. 0.590). After –7.5°C, leaves showed the lowest
Fv/Fm (ca. 0.110) (KruskalWallis, P < 0.01; Mann
Whitney Utest, P < 0.05) coinciding with the lowest
F0 and Fm (MannWhitney Utest, P < 0.05). There
were no significant differences in Fv/Fm between pop
ulations in any treatment (Fig. 2a). 
After the recovery period after high temperatures,
leaves of both populations showed similar values of
Fv/Fm (ca. 0.860) from +20.0 to +42.5°C, decreasing
significantly after +45.0°C (ca. 0.83), +47.5°C (ca.
0.500) and +50.0°C (ca. 0.090) (KruskalWallis, P <
0.01; MannWhitney Utest, P < 0.05). The unique
difference in Fv/Fm between both populations was
recorded after +47.5°C, with the Galápagos popula
tion showing higher Fv/Fm than the Iberian Penin
sula population (ttest, P < 0.05) (Fig. 2b).
At +20.0°C, leaves of both populations acclimated
to summer conditions showed the lower photoinhibi
tion levels (higher Fv/Fm) than leaves acclimated to
winter just after the thermal treatment (ttest, P <
0.01) and after the recovery period only Galápagos
populations maintained that difference (ttest, P <
0.001). These differences were due to similar Fm for
both seasons and slightly higher F0 during winter (t
test, P < 0.05) (Figs. 1a, 1b; Figs. 2a, 2b).
Net Photosynthesis Rate
After the recovery period, PN for the Iberian popu
lation subjected to low temperatures decreased loga
rithmically, varying between 17.8 ± 2.2 μmol O2/(m
2 s)
after +20.0°C and 2.9 ± 0.3 μmol O2/(m
2 s) after
−7.5°C (ANOVA, F = 4.207, P < 0.01) (Fig. 3a). PN
for the Galápagos population subjected to low temper
atures decreased also logarithmically, varying between
ca. 15 μmol O2/(m
2 s) after +20.0°C and +5.0°C to
1.6 ± 0.2 μmol O2/(m
2 s) after −7.5°C (ANOVA, F =
16.510, P < 0.001). Leaves of L. camara from the
Galápagos population did not recover after –5.0 and −
7.5°C, showing lower PN than the other treatments
(Tukey’s HSDtest, P < 0.05). Instead, leaves from the
Iberian population showed a significant lower PN only
after −7.5°C (Fig. 3a).
On the other hand, PN for leaves of L. camara from
both populations decreased sigmoidal at high temper
atures. PN for the Iberian population was similar from
+20 to +42.5°C (ca. 15 μmol O2/(m
2 s)) and decreased
significantly from 11.4 ± 0.7 μmol O2/(m
2 s)) to
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+50.0°C (3.6 ± 1.2 μmol O2/(m
2 s))) (KruskalWallis,
P < 0.01; MannWhitney Utest, P < 0.05; Fig. 3b).
Instead, PN for the Galápagos population was constant
from +20.0 to +47.5°C (ca. 15 μmol O2/(m
2 s)),
showing lower PN after +47.5°C (2.0 ± 0.4 μmol
O2/(m
2 s))) (KruskalWallis, P < 0.05; MannWhitney
Utest, P < 0.05). PN was higher for the Galápagos
population than for the Iberian population after +40.0
and +45.0°C (ttest, P < 0.05; Fig. 3b).
Necrosis
Leaves from both populations showed necrosis only
at temperatures lower than +5.0°C, varying from 6%
at 0°C to 100% at −7.5°C. The necrosis percentage
was significantly higher after −7.5°C than after all
treatments except −5.0°C (KruskalWallis, P < 0.05;
MannWhitney Utest, P < 0.05) (Fig. 3c).
Leaves from the Iberian population showed necro
sis at +47.5°C (23%) and at +50.0°C (74%) (Kruskal
Wallis, P < 0.01; MannWhitney Utest, P < 0.05),
while leaves from the Galápagos populations suffered
necrosis only at +50.0°C (88%) (KruskalWallis, P <
0.01; MannWhitney Utest, P < 0.01) (Fig. 3d).
DISCUSSION
In field studies, L. camara has been described as a
species sensitive to low temperatures, its branches and
leaves showing thermal stress symptoms at tempera
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Fig. 1. Maximum quantum efficiency of PSII photochemistry ((Fv/Fm, (a, b)), maximum fluorescence ((Fm, (c, d)), and basal
fluorescence ((F0, (e, f)) after 30 min of treatment from +20.0 to –7.5°C (left panels) and from +20.0 to +50.0°C (right panels)
for leaves of L. camara from the Galápagos Islands (white symbols; dotted line) and from the Southwest Iberian Peninsula (black
symbols; continued line). Different letters denote significant differences between treatments (ANOVA or KruskalWallis, P <
0.05) for the same population (Iberian Peninsula: capital letters; Galápagos: lowercase letters) and asterisks denote differences
between populations for the same temperature (ttest, P < 0.05). Data are means ± SE.
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photosynthetic apparatus in our experiments demon
strated a wide temperature tolerance range in darkness
(from –2.5 to +42.5°C). Thus, its tolerance to low
temperatures was higher than that of other species,
such as pea (Pisum sativum) that was not able to
recover after +4.0°C [18] and the Mediterranean trees
Juniperus oxicedrus, J. phoenicea, and Pinus pinea that
showed a poor recovery capacity after +10.0°C for
30 min [15]. The comparison between our results and
field observations point out that L. camara would be
especially sensitive to the synergic effects of low tem
peratures and high radiation levels, being much less
sensitive to low temperatures in darkness.
L. camara showed optimal functioning of its PSII
with very low photoinhibition levels (Fv/Fm between
ca 0.750 and ca. 0.870) just after exposure to tempera
tures between –2.5 and +35.0°C for the Iberian pop
ulation and between +10.0 and +25.0°C for the
Galápagos population. The Iberian population main
tained the same optimum temperature interval in 24 h
after treatment (with maximum and constant Fv/Fm
and PN) as just after the temperature exposure. In con
trast, the Galápagos population expanded its optimum
temperature interval to –5.0 and +42.5°C after recov
ery, showing PN higher than 10 μmol O2/(m
2 s)
between –5.0°C and +47.5°C. These PN values were
in the range of those reported for Iberian L. camara at
+23°C at openair conditions (10–15 μmol CO2/(m
2 s)
[19]. These wide ranges of thermal tolerance occurred
when plants were acclimated to summer or winter






























































































































































Fig. 2. Maximum quantum efficiency of PSII photochemistry ((Fv/Fm (a, b)), maximum fluorescence ((Fm (c, d)), and basal flu
orescence ((F0 (e, f)) after a recovery period of 24 h after the treatment from +20.0 to –7.5°C (left panels) and from +20.0 to
+50.0°C (right panels) for leaves of L. camara from the Galápagos Islands (white symbols; dotted line) and from the Southwest
Iberian Peninsula (black symbols; continued line). Different coefficients (Iberian Peninsula: capital letters; Galápagos: lowercase
letters) denote significant differences between treatments (ANOVA or KruskalWallis, P < 0.05) and asterisks denote differences
between populations for the same temperature (ttest, P < 0.05). Data are means ± SE.
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temperatures, respectively, since acclimation is a key
factor in the regulation of the thermal tolerance.
Just after exposure to low temperatures, gradual
coldinduced photoinhibition was recorded for both
populations, reflected in the lower Fv/Fm as a conse
quence of a decrease in Fm with similar F0 [20]. This
photoinhibition, higher at belowzero temperatures,
revealed deactivation of PSII reaction centers [21]
preventing overexcitation of photosynthesis and oxi
dative damages [22]. Photoinhibition levels increased
and PN decreased gradually at temperatures lower than
−2.5°C in 24 h after the low temperature treatment.
Low temperatures inhibit the rate of photosynthesis
through limiting enzymatic rates of the Calvin cycle
[5] and also affecting diffusion processes in the elec
tron transport chain [23]. The photoinhibition level in
24 h after the thermal treatment was much higher than
just after the thermal treatment: for −5.0°C ca. 0.600
vs. 0.700 and −7.5°C ca. 0.100 vs. 0.600. These low
Fv/Fm after 24 h together with low Fm, F0, and PN (as
low as ca. 2.5 μmol O2/(m
2 s)) reflected permanent
damages to the photosynthetic apparatus [21]. In fact,
the high necrosis percentages recorded for tempera
tures lower than −2.5°C evidenced the disruption of
structures and functions of cells and tissues by the
freezing effect of large ice masses [24].
On the other hand, abrupt heatinduced photoin
hibition was recorded for both populations from
+45.0°C onwards just after the thermal treatment,
reflected in a sudden drop in Fv/Fm due to decreasing
Fm and increasing F0. Pea plants showed similar
responses with F0 increasing from +42.5°C onwards
[18]. This has been interpreted as a reflection of
reduced energy transport effectiveness from antenna
chlorophyll a to the reaction center of PSII [25]
and/or directly due to the block of PSII reaction cen
ters [15, 26]. Leaves exposed to +45.0°C that showed
high photoinhibition levels just after the thermal treat
ment (Fv/Fm ca. 0.500) recovered completely after
24 h (Fv/Fm ca. 0.800), showing PN between 12–
15 μmol O2/(m
2 s). High temperatures may affect
photosynthesis by altering the excitation energy distri
bution by changing the structure of thylakoids, by pro
voking excessive membrane fluidity, enhancing oxida
tive stress, and by changing the activity of the Calvin
cycle and other metabolic processes, such as photores
piration [27], or may inhibit the repair of PSII (28). At
higher temperatures (>+47.5°C), low Fv/Fm values
after the recovery period (<0.495), together with PN
values as low as ca. 2.5 μmol O2/(m
2 s), denoted per
manent damages to the photosynthetic apparatus.
Furthermore, necrosis was also recorded at the highest
–10 –5 0 5 10 15 20
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Fig. 3. Net photosynthesis rate (a, b) and necrosis percentage (c, d) after 24 h of recovery for leaves of L. camara from the Galápa
gos Islands (white symbols and dotted line) and from the Iberian Peninsula (black symbols and continued line), which the previ
ous day during the winter were subjected to treatments of 30 min from +20.0 to –7.5°C (left panels) and during the summer from
+20.0 to +50.0°C (right panels). Different coefficient (Iberian Peninsula: capital letters; Galápagos: lowercase letters) denote
significant differences between treatments (ANOVA or KruskalWallis, P < 0.05) and asterisks denote significant differences
between populations for the same temperature (ttest, P < 0.05). Data are means ± SE.
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temperatures coming from denaturation of membrane
proteins or from melting of membrane lipids, which
leads to membrane rupture and the loss of cellular
contents [29].
Both populations of Lantana responded similarly
to temperature treatments. Slight interpopulation dif
ferences were found only at extreme temperatures.
Fv/Fm just after the lowest thermal treatment at −7.5°C
was lower for the Galápagos than for the Iberian pop
ulation. After 24 h, this difference disappeared but PN
still indicated a better photosynthetic functioning for
the Iberian than for the Galápagos population. On the
other hand, the chlorophyll fluorescence dynamic of
both populations was similar just after the exposure to
high temperatures, but leaves from the Galápagos
population subjected to +47.5°C showed higher val
ues of Fv/Fm and PN after 24 h than the Iberian popu
lation.
During day time, plants in the field are not only
exposed to low or high temperatures but suffer fre
quently from synergetic effects of temperatures and
high radiation intensities [4, 20]. In these field condi
tions, excess energy must be dissipated or the chloro
plast membranes sustain oxidative damages, which
can lead to tissue and/or whole plant death [30], as has
been reported in L. camara [11]. We worked in dark
conditions, trying to emulate nocturnal chilling epi
sodes, such as those recorded at L. camara northern
and southern extremes of its geographical distribution
range showing that it has a wide temperature toler
ance, but this tolerance could be much narrower in
field conditions where extreme temperatures coincide
with high radiation levels. Thus, further studies are
necessary to know the synergetic effects of both low
and/or high temperatures with high radiation intensi
ties, and the effect of more prolonged episodes of low
and high temperatures on L. camara leaves.
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